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Abstract
Purpose The concept of Bresource criticality^ has recently
emerged as a policy priority and research subject, usually re-
ferred to the risk of supply disruption for mineral resources,
due to economic and geopolitical reasons. Different method-
ologies for assessing critical raw materials (CRM) have been
developed in governmental and research contexts, and the
possibility of including the resource security aspect in life
cycle assessment (LCA) has been claimed by different au-
thors. The present paper aims at integrating CRM consider-
ations in LCA in order to address socio-economic and strate-
gic aspects related to resource use.
Methods In this paper, we first explore how resource critical-
ity could be interpreted, taking into account a wider perspec-
tive and a multidimensional concept. This includes the con-
sideration of environmental and depletion aspects, in addition
to the dominant interpretation, based on economic and geopo-
litical considerations. We then focus on the economic dimen-
sion of the resource criticality and propose the integration of
this aspect in LCA through the use of characterization factors
(CFs) based on the supply risk factors for Europe. Four dif-
ferent methodological options for resource security CFs are
tested in the impact assessment of 50 processes and products.
These options include the following: supply risk factors as
such; two exponential functions of the supply risk factors,
aimed at increasing the variability of the dataset, and the ratio
between supply risk and production data, which reflect the
size of the market, giving more importance to the materials
used in small amounts in products and applications (like, e.g.
specialty metals, that are often perceived as critical).
Results and discussion The results show how the impact de-
pends on the supply risk factors or on the mass depending on
the algorithm used. Even if there is no objective way to estab-
lish how much importance should be given to one aspect or
the other, we conclude that the use of the factors Bsupply risk/
production^ results might better reflect CRM importance and
therefore could be used in LCA for an assessment of resource
security impact for EU. Applying an exponent to the supply
risk factors, the values are spread on a wider range and it is
possible to spot the CRM among the resources within an
inventory.
Conclusions The choice of the indicator is based rather on
how important is the need of identifying a CRM in the inven-
tory, e.g. in order to optimize CRM use, explore substitution
options and enhance recovery in waste management.
Keywords Critical rawmaterials . Characterization factors .
Life cycle assessment . Resource impact assessment . Supply
risk
1 Introduction
The security of supply of mineral raw materials has become a
high-priority theme in the political agenda of many countries,
especially those highly dependent on imports. At EU level,
resource security is claimed as a policy objective both in the
Raw Materials Initiative (EC—European Commission 2008)
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and within the resource efficiency policy (EC—European
Commission 2011a). BCriticality^ has also emerged as a re-
search subject, and different studies and methodologies for
assessing critical raw materials (CRMs) have been developed
(e.g. CCMI CER and NRC 2008; AEA Technology 2010;
EC—European Commission 2010; Erdmann and Graedel
2011; Graedel et al. 2012; BGS 2012; Achzet and Helbig
2013). Most of them are based on supply risk and vulnerabil-
ity of a system to a potential supply disruption. Security of
supply is also one of the conditions for ensuring a sustainable
supply of raw materials from an economic point of view. It is
debated if environmental life cycle assessment (LCA) (ISO
14044 2006) should take into account resource security, as
well as other socio-economic issues related to resources or if
these aspects should be included in a social LCA (Klinglmaier
et al. 2013; Mancini et al. 2015; 2013). Recent works pro-
posed the integration of resource criticality assessment within
the life cycle sustainability assessment (LCSA) framework
(Gemechu et al. 2016; 2015; Schneider et al. 2014;
Sonnemann et al. 2015).
Resource security is a recurrent issue over history, mainly
determined by the uneven geographical distribution of mineral
reserves around the globe and the consequent import depen-
dency in resource-poor countries (Buijs et al. 2012; Glöser et
al. 2015). In addition to the uneven geographical distribution
of mines, economic development policies set by developed
countries have contributed in setting the scene of criticality.
For example, several European countries have been exploiting
post-colonial economic relationships for the supply of raw
materials, closing domestic mines having lower value added
and incentivizing domestically manufacturing and service
sectors.
The concern about resource security has recently regained
importance. Global population growth, new consumption
habits, technological change and economic development of
some countries have enlarged the demand for raw
materials both in terms of amount and variety of materials
used. Some metals are increasingly relevant for emerging
technologies, including those that are supposed to contribute
to more sustainable societies, e.g. low carbon energy supply
and transportation technologies (Buchert et al. 2009; Nansai
et al. 2015). For instance, rare earths (REE) are needed for
automotive catalysts or fluorescent lamps that are used in hy-
brid cars and wind turbines; Bplatinum group metals^ (PGM)
are used in many new technologies, including fuel cells for
electric vehicles; silicon metal is a key component of photo-
voltaic panels.
Supply of raw materials can be threatened by different fac-
tors: geological, technological, geo-political, economic, envi-
ronmental and social. In the criticality assessments, the aspects
that are commonly included are related to the raw material
markets and economy (e.g. market concentration, consump-
tion and demand), technology (e.g. recycling potential,
substitutability, by-products, etc.) and geo-political concerns
(governance and political stability of producing countries).
Biophysical availability of raw materials is also included in
some assessments (Erdmann and Graedel 2011; Graedel et al.
2012; Morley and Eatherley 2008), while in others, this aspect
is not addressed due to the short time frame of the study, e.g. in
the assessment of CRMs for the European economy by the
European Commission (EC) (2014; 2010). Systematic re-
views of existing methodologies for criticality assessment
have been compiled by Erdmann and Graedel (2011) (until
2010) and Sonnemann et al. (2015) (for the period 2010–
2015).
While resource security refers to the access to resources for
economic and geo-political reasons, resource availability for
present and future generations is a central issue in the sustain-
ability discourse and concerns the geological and physical
occurrence of a resource in the Earth, together with techno-
logical capability of extracting it. In LCA, natural resources
represent one of the areas of protection (next to natural envi-
ronment and human health). The impact related to resource
use is assessed through different methods in which limitations
to the accessibility due to geopolitical reasons are usually not
taken into account. The need of taking into account in LCA
the economic and geopolitical aspects that can reduce resource
availability has been acknowledged (Mancini et al. 2015;
Schneider et al. 2014; Sonnemann et al. 2015) and some
methods have been proposed in this context.
Schneider et al. (2014) develop a set of impact categories
for modelling the economic dimension of resource provision
capability within the LCA framework and calculate the aggre-
gate indicator economic scarcity potential (ESP) for 17metals.
Sonnemann et al. (2015) propose to integrate criticality con-
siderations under LCSA framework for having a more mean-
ingful assessment of the impacts in the area of protection
natural resources. Following this conceptual framework,
Gemechu et al. (2016) propose a method of calculation for
the geopolitical supply risk of resources, imported in different
countries. The resulting characterization factors (CFs) (cover-
ing 14 resources and 12 importing countries, plus the EU) are
applied in a case study on the LCA of electric vehicles,
complementing the environmental impact assessment with
geopolitical supply risk (Gemechu et al. 2015). The present
work introduces an additional method for the integration of
resource criticality considerations in LCA, using supply risk
factors published by the EC (2014; 2010) as CFs in the impact
assessment phase of LCA and presenting different options for
their implementation at EU level. With respect to other
methods, this proposal builds on an existing publicly available
database, having a wide, updated and transparently document-
ed set of information on resources’ security of supply (actually
54 materials, including also some biotic). This dataset, which
is foreseen to be updated every 3 years, gathers ready-to-use
information on rawmaterials that could be applied in life cycle
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impact assessment with limited effort, capitalizing on the
work fulfilled by the EC on criticality.
The application of supply risk scores in LCA is intended to
support industry and policy decision making in analyzing sup-
ply chains from a resource security perspective, warning on
potential risk for the economic availability of material re-
sources along the supply chains.
The scope of this paper is twofold: first, it discusses the
nature of the resource criticality concept, beyond the current
mainstream economic and geopolitical interpretation, by
highlighting the multiple perspectives of resource criticality
that could be embraced within a sustainability study
(Sect. 2). Secondly, it focuses on the socio-economic and geo-
political perspective and proposes the implementation of CFs
at EU level based on supply risk factors (Sect. 3). Different
methodological options for calculating characterization fac-
tors are tested on life cycle inventories (LCI) of several prod-
ucts retrieved from Ecoinvent, and results are discussed using
an illustrative product (computer laptop) in Sect. 4. The con-
cluding considerations on the feasibility of the inclusion of
socio-economic aspects in LCA and on the choice between
different methodological options are presented in Sect. 5.
2 What is resource criticality? From the criticality
matrix to a multidimensional concept
The dominant definition and political interpretation of the re-
source criticality concept focus on economic aspects and sup-
ply risk related to raw materials. A common tool for the as-
sessment and communication of the resource criticality in both
research and policy contexts is the Bcriticality matrix^, com-
posed of two dimensions: supply risk (or risk of supply dis-
ruption) and economic importance (or vulnerability of the
system to a supply disruption) (Erdmann and Graedel 2011;
Glöser et al. 2015; Knoeri et al. 2013). In the case of Graedel
et al. (2012), a third dimension is added, in order to take
environmental implications into account. As outlined by
Glöser et al. (2015), this representation is a modification of
the classical risk matrix, which combines the potential damage
and the probability of occurrence of an event. Other ap-
proaches on criticality assessment quantify a single risk index
(e.g. Morley and Eatherley 2008) or a mining risk footprint
indicator (Nansai et al. 2015) and use scenario analysis, time
series analysis or agent-based behaviour model in order to
forecast demand and supply side developments (e.g. Frondel
et al. 2005; Knoeri et al. 2013).
A harmonized and standard definition of criticality does
not exist; in fact, criticality is a relative concept and the rele-
vant dimensions can (and should) be defined by the user ac-
cording to his/her particular needs (Tercero Espinoza 2013). In
the EC study on resource criticality (EC—European
Commission 2014), a CRM is defined as a raw material for
which Bthe risks of supply shortage and their impacts on the
economy are higher than for most of the other raw materials^.
A similar interpretation is given in Buijs et al. (2012), while
other definitions stress the lack of substitution and the conse-
quent reduced availability or price rise in key applications as
main feature of CRMs (CCMI CER and NRC 2008). In
Graedel et al. (2012), supply risk is assessed for different
temporal perspectives (medium and long term) and the vul-
nerability to supply restrictions is specified at corporate, na-
tional and global level.
Most of the studies on resource criticality focus on abiotic
raw materials or on metals only. Instead, the methodology
published by the EC (2014) has included some biotic raw
materials in the last assessment (e.g. wood and natural rubber),
within the subset of non-agricultural and non-energy mate-
rials. The level of the analysis varies in the methodology pro-
posed by Graedel (from corporate, national and global)
(Graedel et al. 2012), while it usually refers to an economic
sector or the national economy as a whole in the other studies.
The EC methodology takes into account the role of mate-
rials in the EU economy, focusing on the EU industrial sector;
the publication of the CRM list aims at setting priorities in
policy making focusing efforts where the major risks are fore-
seen, as well as raising awareness on the importance of raw
materials. Two variables are taken into account in this meth-
odology: economic importance (EI) and supply risk due to
poor governance (SRWGI). The latter encompasses four sub-
components:
1. Level of concentration of worldwide production of raw
materials (using the Herfindahl-Hirschman Index (HHI),
which accounts for market competitiveness)
2. Political and economic stability of the producing coun-
tries (using the Worldwide Governance Indicator, which
considers four aspects of governance: voice and account-
ability, political stability and absence of violence/terror-
ism, government effectiveness, regulatory quality, rule of
law and control of corruption)
3. Potential of substitution of raw materials (based on a sub-
stitutability index estimated through experts’ opinion and
aggregating the substitutability for the different uses)
4. Recycling rate (using estimates from a UNEP report on
end-of-life recycling rates, UNEP 2011)
The supply risk based on environmental country risk (SREPI)
was initially included in the assessment, but in the last update, it
was not considered relevant enough and only the SRWGI was
taken into account. Currently, the identification of CRMs is per-
formed by means of thresholds setting. Therefore, a threshold is
set for each of the two variables which characterize any raw
material (EI and SRWGI), and the combination of the two leads
to the definition of the Bcriticality area^. If a raw material is
characterized by values of EI and SRWGI higher than the
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thresholds, it is then to be considered as critical. The 2014 study
reports figures on EI and SRWGI (and sub-indicators contained in
each variable) for 54 non-energy, non-agricultural materials
(EC—European Commission 2014).
In spite of the dominant interpretation of resource crit-
icality (focusing on economic and geo-political aspects),
this concept can be interpreted in a much wider manner.
The interplay of environmental, as well as socio-economic
aspects, is still the fundamental basis of any discourse on
resource efficiency and on sustainable use of resources,
being abiotic or biotic due to their functional value for
society (de Haes et al. 1999). As suggested by some au-
thors (e.g. Bleischwitz et al. 2012; Prins et al. 2011),
criticality is a multidimensional concept, including both
the environmental dimension (e.g. aspects like recyclabil-
ity, overuse of ecosystems, environmental pressures on
ecosystems), the economic dimension (e.g. concentration
of supply, import dependency, etc.) and the socio-political
dimension (e.g. human rights violations, resource con-
flicts, illicit trade, precarious working conditions).
According to this wider interpretation, a resource can be
critical for different reasons: e.g. because it is indispens-
able for the agricultural production (e.g. phosphorus), be-
cause it is strictly linked to regional conflicts and illicitly
traded (e.g. coltan/tantalum), because of the strong reli-
ance on imports (e.g. rare earths), because it is difficult to
substitute at present (e.g. PGM) or because it is indispens-
able for all energy infrastructure (e.g. copper). Therefore,
the challenges related to natural resources can have a dif-
ferent nature, and the stakeholders/actors affected by a
potential supply restriction can differ from enterprises, to
consumers, local communities, etc. Table 1 illustrates a
list of critical factors that can be applied to the use of
resources and the coverage of these aspects in indicators
used in life cycle impact assessment (LCIA) (both in so-
cial and environmental LCA) and in two criticality meth-
odologies. Both complementarities and overlapping exist
between the two assessment frameworks. In particular,
some aspects in the socio-political and economic dimen-
sions are assessed both in criticality assessment and in
SLCA, while, when considering ELCA alone, criticality
assessment can complement the resource assessment with
additional aspects. Some environmental aspects (potential
ecosystem deprivation and overuse of ecosystems) and
social aspects (illicit trade and imbalance of power) are
not included in any assessment framework and represent
current research gaps. It is also evident that ELCA (blue
area in the table) has a limited assessment capacity with
regard to natural resources. As we consider resource de-
pletion more an economic rather than an environmental
problem, most of the environmental critical factors are
not considered in ELCA. Concerning the social and eco-
nomic aspects, ELCA could be complemented by
criticality assessment, or by SLCA, which includes a wide
set of indicators.
Criticality, indeed, is not an absolute concept and the meth-
odologies for the assessment of CRMs have to implicitly answer
the question: Bcritical to whom?^ (Sala 2013).Most of themeth-
odologies look at the economies or even at certain industrial
sectors; instead, a socio-ecological perspective on resource crit-
icality would produce very different results. The Maslow pyra-
mid of human needs (Maslow 1943), for instance, offers a hier-
archy that underlies the importance of satisfying lower-order
needs before addressing the higher-order needs.1 As shown in
Fig. 1, adopting such framework for the prioritization of re-
sources and the identification of the critical ones would drasti-
cally change the result of current CRM lists, having many spe-
cialty metals for high-tech applications identified as critical.
3 Methodology for characterization of supply risk
in life cycle impact assessment
Even though SLCA is devoted to the assessment of social and
socio-economic aspects of products along the supply chain,
we argue that criticality aspects would be better gathered in
(environmental) LCA, since it uses biophysical elementary
flows (e.g. mass unit) in the compilation of the inventory. As
shown in Fig. 2, LCA takes into account a wide range of
impacts that are not environmental only: e.g. those on human
health and on natural resources. We would therefore define
LCA as a methodology assessing the impacts (of environmen-
tal, economic or social nature) due to environmental interven-
tions along a supply chain, i.e. due to the extraction or emis-
sion of physical substances, while social LCA and life cycle
costing base their assessment on non-environmental flow ex-
change (e.g. value and working hours).
In LCIA, the input/output elementary flows compiled in
the inventory of materials and emissions are quantified in
terms of indicators through characterization factors (CFs).
An emission or resource flow is multiplied by its respective
CF and contributes to an indicator of impact, which consists of
the sum of all contributions originating from the different in-
put and output flows, within a given category. The nature of
the indicators is multiple, some reflecting contributions to
1 The psychologist AbrahamMaslow conceived a hierarchy of five levels
of human needs, arranged into the format of a pyramid (as in Fig. 1). He
hypothesized that until the lowest levels of needs had been fulfilled,
individuals could not deal with higher levels of needs. Maslow’s model
has been studied in various disciplines, including business (as a model for
understanding motivation), in the social sciences (used as a model for
understanding the needs of individuals) (Benson and Dundis 2003), in
ecology (e.g., to explain how ecosystem services relate to human needs
(Dominati et al. 2010)), and in environmental science (e.g., in the context
of water resources management, offering an approach for the planning of
sustainable water systems (Melloul and Collin 2003)).
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impacts, risks or pressures and some reflecting environment,
health and/or socio-economic considerations.
LC inventories could be readily used to analyze the use of
CRM along the life cycle, relying on the outcomes of policy-
or business-driven CRM assessments, in order to characterize
their relevance. At the impact assessment level, indicators
used for the assessment of criticality can be applied to develop
CFs, which would reflect the socio-economic and geopolitical
perspective. As outlined in Mancini et al. (2013), the main
methodological hurdles and inconsistencies that have to be
faced in this operation consist of the following: (i) the Brela-
tivity^ of the criticality assessment (generally referred to a
subject, a geographical region, a timeframe); (ii) the presence
of elements of subjectivity (i.e. thresholds are set to establish
which materials are critical); (iii) the temporary nature of the
Fig. 1 An example of resource prioritization based on the adaptation of
the Maslow pyramid of human needs
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Resource criticality as a multidimensional concept: coverage of critical factors in existing indicators used in the life cycle assessment framework
(environmental and social LCA) and in two criticality assessment methodologies (a: EU methodology for Critical RawMaterials, 2013; b: methodology
for criticality assessment by Graedel et al. 2012). Own elaboration based on Bleischwitz et al. 2012. Indicators in SLCA refer to the list of indicators in
the Product Social Impact Life Cycle Assessment (PSILCA) database (Sala et al. 2015) - : not covered in existing methodologies; (1) included in the
calculation of depletion time; (2) included in the calculation of depletion time as Bnet loss to tailings, slag and from other processes^ ;(3) under Bfair
competition^ category: presence of anti-competitive behaviour or violation of anti-trust and monopoly legislation and presence of policies to prevent
anti-competitive behaviour; (4) under the subcategory Bchild labour^; (5) under the subcategories Bforced labour^ and Bhealth and safety^; (6) under the
subcategory Bcorruption^; and (7) indicator: description of potential material resource conflicts under the subcategory Baccess to material resources^
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assessments (the condition of criticality can quickly change
over time, even in the short run), which connotes a strategic
assessment. Moreover, in the criticality methodology, the ma-
terials’ substitution potential was estimated by a group of ex-
perts: the lack of a quantitative and transparent methodology
for the calculation of the substitution index represents a source
of uncertainty in the impact assessment. However, the ongo-
ing revision of the criticality methodology will partially fill
this gap as it will include a more refined method for assessing
the substitution potential.
The choice of supply risk as indicator presents some spe-
cific features: (i) the indicators that compose SRWGI (e.g. WGI
and HHI) are calculated at global level (while the EI is
assessed at EU level) or are based on expert judgment;
recycling rate values are global estimates provided by UNEP
(UNEP and International Resource Panel 2011); (ii) no thresh-
olds or other subjective elements are included in this indicator
apart from the selection of the exponent; and (iii) frequent
updates of the CFs could provide consistent assessments.
Concerning the impact assessment of resources, different
perspectives could be adopted, reflecting different viewpoints
and policy priority (Dewulf et al. 2015). In the case of abiotic
resources, at least three main perspectives can be envisaged:
the depletion of mineral resources, their security of supply to
the economic system and the environmental damage caused
by their extraction. In order to put these different perspectives
into practice in a LCIA, CFs have to be derived for each
aspect, using specific indicators.
1. Resource depletion perspective: geological availability of
resources is the main issue of concern. The abiotic depletion
potential (ADP), indicator developed by CML (van Oers et al.
2002) and recommended by the International Reference Life
Cycle Data System (ILCD) (EC—European Commission
2011b), is chosen as an indicator for quantifying this aspect;
it measures the impact as the ratio between resource extraction
and square reserves in relation to a reference element (antimo-
ny). The quantification of resource depletion in LCA has been
widely debated (e.g. Klinglmaier et al. 2013; Stewart and
Weidema 2005), and the use of the ADP indicator in LCA is
criticized, as the reserve data used for its calculation could not
reflect the real resource availability (Drielsma et al. 2015).
Discussing the feasibility of this indicator is beyond the scope
of this paper, but it seeks to illustrate hotspot resources in
terms of scarcity, using the indicators that are used as common
practice in LCA and recommended by the ILCD. Two options
of ADP are compared in Table 2, calculated using reserve base
and ultimate reserve (Guinee et al. 2002).
2. Socio-economic and geo-political perspective: resource
security is the main problem with resources, and there is
a risk of supply disruptions due to supply concentration
and political instability of the producing countries. This
aspect is characterized using SRWGI data provided in the
EC study on CRM, as midpoint CFs. The supply risk is
used as a proxy indicator for quantifying the impact of
resource use from a socio-political perspective (methodo-
logical issues related to the use of supply risk values as
CFs are in the Electronic Supplementary Material). The
EI of raw materials (the second variable used in the crit-
icality matrix) is not taken into account since it relates to
the European economy as a whole and could be less
meaningful for supply chain analysts at corporate level.
The SRWGI dataset has low variability; therefore, the
relative difference between materials in terms of security
would be not well represented if these values are applied
as linear weighting factors.2
Fig. 2 Different typologies of elementary flows characterize life cycle-
based methodologies, namely monetary flows in LCC, biophysical flows
in ELCA and labour-related flows in social LCA. However, despite being
linked to the calculation framework of ELCA, biophysical flowsmay lead
to calculation of impacts not only in the sustainability dimension
Benvironment^. In fact, e.g. emissions into air may lead to human health
impacts, whichmay be part of a societal concern. Similarly, for the supply
risk, the resources extracted and accounted for in ELCA are used as input
for modelling a socio-economic concern related to availability and
security of supply of certain resources
2 It has to be noted that the supply risk factors are applied for a wide range
of materials and not only those resulting as critical in the last EU assess-
ment (EC—European Commission 2014). Therefore, the difference be-
tween Bcritical^ and Bnearly critical^ materials (i.e., having values of
supply risk close to the critical but placed outside the criticality threshold)
is better captured in the impact assessment phase.
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Table 2 Characterization factors derived from different perspectives on resource assessment
Perspecves





Resource ADPrb ADPult. SRWGI SRWGI^3 SRWGI^6 SRWGI/P SRWGI/R Env. Rank
Aluminium 2.53E-05 1.09E-09 0.43 7.95E-02 6.32E-03 1.04E-08 1.54E-11 5.4
Anmony 1.00E+00 1.00E+00 2.54 1.64E+01 2.69E+02 1.69E-05 1.41E-06 5.9
Barytes n.a. n.a. 1.74 5.27E+00 2.78E+01 2.18E-07 n.a. n.a.
Bauxite n.a. n.a. 0.57 1.85E-01 3.43E-02 2.77E-09 2.04E-11 n.a.
Bentonite n.a. n.a. 0.37 5.07E-02 2.57E-03 2.64E-08 n.a. n.a.
Beryllium 1.26E-05 1.26E-05 1.45 3.05E+00 9.29E+00 7.51E-03 n.a. n.a.
Boron/borate 4.27E-03 4.27E-03 0.95 8.57E-01 7.35E-01 2.07E-07 n.a. 3.3
Chromium 1.96E-05 4.43E-04 1.01 1.03E+00 1.06E+00 9.10E-08 2.20E-09 5.9
Clays n.a. n.a. 0.27 1.97E-02 3.87E-04 9.35E-09 n.a. 2.6
Cobalt 2.56E-02 1.57E-05 1.63 4.33E+00 1.88E+01 1.50E-05 2.17E-07 5.6
Cooking coal n.a. n.a. 1.18 1.64E+00 2.70E+00 1.64E-10 n.a. 2.6
Copper 2.50E-03 1.37E-03 0.22 1.06E-02 1.13E-04 1.38E-08 3.24E-10 5.4
Diatomite n.a. n.a. 0.24 1.38E-02 1.91E-04 1.40E-07 n.a. n.a.
Feldspar n.a. n.a. 0.35 4.29E-02 1.84E-03 1.70E-08 n.a. n.a.
Fluorspar n.a. n.a. 1.72 5.09E+00 2.59E+01 2.92E-07 n.a. 3.8
Gallium 6.30E-03 1.46E-07 1.82 6.03E+00 3.63E+01 4.50E-03 n.a. 6.5
Germanium 1.95E+04 6.52E-07 1.94 7.30E+00 5.33E+01 1.63E-02 n.a. n.a.
Gold 3.60E+01 5.20E+01 0.15 3.38E-03 1.14E-05 5.69E-05 2.88E-06 9.6
Gypsum n.a. n.a. 0.47 1.04E-01 1.08E-02 3.35E-09 n.a. n.a.
Hafnium n.a. n.a. 0.43 7.95E-02 6.32E-03 6.72E-03 n.a. n.a.
Indium 5.55E+02 6.89E-03 1.8 5.83E+00 3.40E+01 2.96E-03 n.a. 7.3
Iron 1.66E-06 5.24E-08 0.5 1.25E-01 1.56E-02 3.93E-10 2.94E-13 2.3
Limestone n.a. n.a. 0.38 5.49E-02 3.01E-03 4.72E-09 n.a. 1.6
Lithium 1.33E-02 1.15E-05 0.65 2.75E-01 7.54E-02 1.04E-05 5.00E-08 5.8
Magnesite n.a. n.a. 2.15 9.94E+00 9.88E+01 n.a. n.a. 3.9
Magnesium 2.48E-06 2.02E-09 2.53 1.62E+01 2.62E+02 3.35E-06 1.05E-06 5.2
Manganese 2.35E-05 2.54E-06 0.43 7.95E-02 6.32E-03 2.76E-08 6.83E-10 n.a.
Molybdenum 7.11E-02 1.78E-02 0.86 6.36E-01 4.05E-01 3.44E-06 7.82E-08 n.a.
Natural Graphite n.a. n.a. 2.2 1.06E+01 1.13E+02 2.00E-06 n.a. 2.8
Nickel 4.18E-03 6.53E-05 0.24 1.38E-02 1.91E-04 1.34E-07 3.20E-09 5.9
Niobium 6.55E-02 1.93E-05 2.46 1.49E+01 2.22E+02 3.89E-05 6.15E-07 n.a.
Perlite n.a. n.a. 0.28 2.20E-02 4.82E-04 1.58E-07 n.a. n.a.
Phosphorus/phosphate 
rock 5.52E-06 5.52E-06 1.09 1.30E+00 1.68E+00 2.02E-08 n.a. n.a.
Planum/PGM 2.22E+00 2.22E+00 1.18 1.64E+00 2.70E+00 2.06E-03 1.79E-05 9.1
Potash 1.60E-08 n.a. 0.21 9.26E-03 8.58E-05 5.78E-09 n.a. n.a.
Pulp wood n.a. n.a. 0.12 1.73E-03 2.99E-06 6.48E-10 n.a. n.a.
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Therefore, in order to obtain factors that could better
represent the supply risk, different options are explored:
(a) Raising the values with an exponent that could
spread the resulting values in a wider range, as the
choice of the exponential is subjective, and the func-
tion to be used (that better highlights resource
hotpots in terms of supply risk) is more a political
decision rather than a scientific fact; in this study, the
exponents 1, 3 and 6 are tested (SRWGI; SRWGI^3;
SRWGI^6) and the impact assessment results from
the three functions are compared.
(b) Dividing the values of supply risk by a measure of
the size of the market, e.g. the world mine produc-
tion in a given year, in order to assign more im-
portance to specialty materials having small mar-
kets (SRWGI/P). It is assumed, indeed, that smaller
markets imply a higher price volatility due to the
higher likelihood of producer dominance and less
flexibility to adjust to an increase in demand
(Buijs et al. 2012).
(c) Dividing the values of supply risk by geological re-
serve data, in order to include, in the assessment, an
element related to resource availability and obtain a
mixed approach on socio-economic and depletion
aspects (SRWGI/R). Details on the methodology used
to obtain the CF and background data are reported in
the Electronic Supplementary Material.
3. Environmental perspective: the focus is on the environmen-
tal impact due to the extraction of rawmaterials. In this case,
results of the life cycle impact assessment for different envi-
ronmental categories are aggregated in a composite indicator
in order to provide an indication of the severity of environ-
mental impacts associated with resource extraction, together
with a ranking (ENV. RANK). The resulting figures should
be interpreted as average order of magnitude of the impacts.
Details of the calculation of the composite indicators are
reported in the Electronic Supplementary Material.
Table 2 reports the abovementioned perspectives on abiotic
resources and shows the corresponding CFs that could be used
to quantify the related impact.
Table 2 (continued)
Perspecves





Resource ADPrb ADPult. SRWGI SRWGI^3 SRWGI^6 SRWGI/P SRWGI/R Env. Rank
REE (Heavy) 5.69E-04 n.a. 4.67 1.02E+02 1.04E+04 4.25E-05 4.25E-08 n.a.
REE (Light) n.a. n.a. 3.13 3.07E+01 9.40E+02 n.a. n.a. 5.8
Rhenium 3.19E+01 6.03E-01 0.89 7.05E-01 4.97E-01 1.76E-02 n.a. n.a.
Sawn Sowood n.a. n.a. 0.15 3.38E-03 1.14E-05 5.17E-10 n.a. 6.2
Scandium n.a. n.a. 1.12 1.40E+00 1.97E+00 1.12E-01 n.a. n.a.
Selenium 7.35E+00 1.94E-01 0.19 6.86E-03 4.70E-05 7.04E-05 1.94E-06 n.a.
Silica sand n.a. n.a. 0.32 3.28E-02 1.07E-03 2.64E-09 n.a. n.a.
Silicon 1.40E-11 1.40E-11 1.63 4.33E+00 1.88E+01 8.76E-07 n.a. 4.8
Silver 8.42E+00 1.18E+00 0.73 3.89E-01 1.51E-01 3.13E-05 1.35E-06 6.9
Talc n.a. n.a. 0.26 1.76E-02 3.09E-04 3.38E-08 n.a. n.a.
Tantalum 1.15E+01 4.06E-05 0.62 2.38E-01 5.68E-02 9.10E-04 4.13E-06 n.a.
Tellurium 7.21E+00 4.07E+01 0.19 6.86E-03 4.70E-05 4.22E-04 7.92E-06 n.a.
Tin 1.15E-01 1.62E-02 0.82 5.51E-01 3.04E-01 2.79E-06 1.67E-07 n.a.
Titanium 1.52E-03 2.79E-08 0.13 3.04E-01 4.83E-06 2.14E-08 n.a. n.a.
Tungsten 2.54E-01 4.52E-03 1.99 7.88E+00 6.21E+01 2.72E-05 n.a. n.a.
Vanadium 4.93E-03 7.70E-07 0.82 5.51E-01 3.04E-01 1.33E-05 5.86E-08 n.a.
Zinc 3.65E-03 5.38E-04 0.45 9.11E-02 8.30E-03 3.70E-08 1.80E-09 5.4
In some cases, the nomenclature used for thematerials differs from an indicator to another (e.g. potassium/potash) or a group ofmaterials is taken into account instead
of a single element (e.g. for supply risk is calculated for platinum group metals, while in ADP, the characterization factors refer to platinum only). In the case of rare
earths (REE), we calculated the average ADP for heavy and light REE, while supply risk factors are already presented as heavy and light REE in the EU study
ADPrb abiotic depletion potential calculated using reserve base data, ADPult abiotic depletion potential calculated using ultimate reserve, SRWGI supply risk based
onWorld Governance Index,Pworld production in 2010 (data from EC2014), R reserves in 2013 (data retrieved fromUSGS), ENV. RANK environmental ranking
based on results of the life cycle impact assessment for different environmental categories, aggregated in a composite indicator
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The colour code used in Table 2 highlights the hotspot mate-
rials across the different perspectives: while from a resource de-
pletion point of view, germanium (for the ADP calculated with
reserve base) and gold and tellurium (for the ADP calculated
with ultimate reserve) have the highest score, the main concern
for resource security is on rare earths (REE),3 antimony, magne-
sium and niobium. Considering the market size (i.e. SRWGI/P),
scandium, rhenium and germanium present the highest values,
while combining the socio-economic perspective with the deple-
tion one (through the ratio between supply risk and reserve data),
it is possible to see that platinum group metals (PGM) are the
main priority materials, followed by tellurium, gold, silver and
antimony. The environmental concerns, e.g. those stemming
from the ENV. RANK, resulting from a LCA of the extraction,
point at gold and platinum first, even though these datasets pres-
ent many data gaps.
4 Testing the inclusion of criticality in supply chain
analysis
Characterizing resources based on their supply risk may support
eco-design and resource policies. A life cycle-based assessment
is fundamental to identify where critical resources are used with-
in supply chains, in order to optimize CRM use, explore substi-
tution options and enhance recovery in waste management.
The four different options of CFs for the socio-economic
and geo-political perspective displayed in Table 2 have been
tested performing the impact assessment of a set of 50 process
and products, using LC inventories from the Ecoinvent data-
base (v2), across different dataset categories: materials, ener-
gy, electronics, transport and construction (full list in the
Electronic Supplementary Material). Based on the dominance
of a specific material in the inventory (in mass), a clustering
has been performed in order to get to six groups of products
having similar material composition in terms of shares over
the total mass in input (in the Electronic Supplementary
Material). The sets of CFs for resource security have been
tested on the full set of process and products.
In order to understand the effect of the choice of the algo-
rithm to be used for translating SRWGI factors into CFs for use
in LCA, a comparative exercise was done for several raw ma-
terials (iron, clay, gallium, platinum, chromium and magne-
sium) (see Electronic Supplementary Material). For each of
the raw material, a comparison between the contribution in
mass to the total inventory (x axes) and the contribution to the
overall criticality scores calculated (y axes) was performed. By
applying the methodology SRWGI, it clearly emerges that the
share in mass dominates the impacts, making the role of
characterization almost negligible. The opposite holds when
applying SRWGI^6 or SRWGI/P, as the share in mass over the
inventory is very often negligible. Discrepancies from these
trends are to be interpreted as deviations due to the specific
characteristics of the process or product analyzed.
Gallium and PGM present the typical behaviour of CRMs:
they are used in small quantities and their share over the total
mass is almost negligible, very often below the cut-off values
generally used in LCA. In this case, by adopting SRWGI/P, it is
possible to see that regardless of the little quantities, the contri-
bution to the criticality score can be extremely high. Instead,
in the results obtained by applying SRWGI and SRWGI^6 their
contribution is almost negligible. In the case of magnesium,
SRWGI^6 shows higher values than SRWGI/P. This is due to the
fact that production volume of this rawmaterial is not small as in
case of, e.g. gallium and platinum. In the case of chromium, it is
difficult to identify a clear pattern, as both mass-wide and criti-
cality-wise, it is not one of themajor contributors. The results are
likely to be influenced by the performance of other rawmaterials
included in the inventory rather than the chromium itself.
Moreover, focusing on the results for a specific product (e.g.
a laptop), the differences in the contribution analysis due to the
application of different indicators of Table 2 are evident (Table 3
and Fig. 3). The IA results are displayed in comparison with the
mass contribution, i.e. the amount of materials (in kg) that are
embodied in the life cycle of products. The impacts in terms of
resource depletion and environmental performance of the mate-
rial are also shown in Fig. 3. This comparison allows highlight-
ing the contribution of the CFs to the total impact in comparison
to the contribution of the mass content. As displayed also in
Fig. 3, clay and iron are the most relevant materials in terms of
mass, when applying the CF SGWGI (without any exponent) and
also for the environmental perspective. Applying the exponents
3 and 6 to the SGWGI, the contribution of mass decreases and the
impact is more influenced by the CF, i.e. by a high supply risk
factor. In this example, magnesium appears as the main contrib-
utor in the options SRWGI^3 and SRWGI^6, in spite of its small
contribution in terms of mass. Therefore, the application of an
exponent to the SR has the effect of amplifying the supply risk
impact, making it more visible even if the amounts used are
small in terms of mass, as in the case of many CRMs. To a
minor extent, also, rare earths show a similar behaviour, being
irrelevant in terms of mass andwhen using the SGWGI as such as
CF, but gaining a bigger contribution in the option SRWGI^6.
Looking at the scarcity perspective (ADP, reserve base), in-
dium and gold are the hotspot resources, contributing together
to more than 80 % of the total impact. Being the reserve base
data used for the calculation of ADP based on the reference year
1999, this outcome is likely to poorly reflect the actual material
scarcity. Updated ADP values would be needed for obtaining a
more realistic assessment. Moreover, as USGS (that reported
reserve base data since 1980) had ceased estimating these fig-
ures, ADP should be recalculated using, e.g. updated reserve
3 Disaggregated data for rare earth elements would provide a better in-
sight into the supply risk of the different materials. The actual data avail-
ability, however, does not allow for a better specification.
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Table 3 Resource security impact assessment results: example for a computer laptop using the four sets of criticality indicators




SRWGI SRWGI^3 SRWGI^6 SRWGI/P ADP(kg Sb eq.)
ENV. 
SCORE
Aluminium 4.23E-01 1.82E-01 3.36E-02 2.67E-03 4.40E-09 1.07E-05 2.28E+00
Anmony 9.20E-08 2.34E-07 1.51E-06 2.47E-05 1.56E-12 9.20E-08 5.43E-07
Barite 4.17E-02 7.25E-02 2.20E-01 1.16E+00 9.06E-09 0.00E+00 0.00E+00
Borates 8.37E-05 7.95E-05 7.18E-05 6.15E-05 1.73E-11 3.58E-07 2.76E-04
Chromium 7.38E-02 7.46E-02 7.61E-02 7.84E-02 6.71E-09 1.45E-06 4.36E-01
Clay 3.46E+00 9.35E-01 6.82E-02 1.34E-03 3.24E-08 0.00E+00 9.01E+00
Cobalt 1.14E-04 1.86E-04 4.93E-04 2.14E-03 1.70E-09 2.92E-06 6.38E-04
Copper 5.26E-01 1.16E-01 5.61E-03 5.97E-05 7.24E-09 1.32E-03 2.84E+00
Diatomite 1.27E-06 3.04E-07 1.75E-08 2.42E-10 1.77E-13 0.00E+00 0.00E+00
Feldspar 2.89E-06 1.01E-06 1.24E-07 5.32E-09 4.92E-14 0.00E+00 0.00E+00
Fluorspar 4.73E-02 8.13E-02 2.41E-01 1.22E+00 1.38E-08 0.00E+00 1.80E-01
Gallium 1.31E-04 2.39E-04 7.91E-04 4.77E-03 5.91E-07 8.26E-07 8.52E-04
Gold 6.60E-04 9.90E-05 2.23E-06 7.52E-09 3.76E-08 2.37E-02 6.34E-03
Gypsum 1.01E-01 4.76E-02 1.05E-02 1.09E-03 3.40E-10 0.00E+00 0.00E+00
Indium 6.17E-05 1.11E-04 3.60E-04 2.10E-03 1.82E-07 3.42E-02 4.50E-04
Iron 1.75E+00 8.77E-01 2.19E-01 2.74E-02 6.89E-10 2.91E-06 4.03E+00
Lithium 2.12E-03 1.38E-03 5.83E-04 1.60E-04 2.22E-08 2.82E-05 1.23E-02
Magnesite 1.66E-02 3.57E-02 1.65E-01 1.64E+00 6.05E-09 0.00E+00 6.48E-02
Magnesium 5.15E-01 1.30E+00 8.35E+00 1.35E+02 1.73E-06 1.28E-06 2.68E+00
Manganese 4.65E-02 2.00E-02 3.70E-03 2.94E-04 1.28E-09 1.09E-06 0.00E+00
Molybdenum 1.18E-02 1.02E-02 7.52E-03 4.78E-03 4.06E-08 8.41E-04 0.00E+00
Nickel 1.89E-01 4.54E-02 1.38E-01 1.01E-01 1.54E-08 7.91E-04 1.12E+00
PGM 2.81E-06 3.31E-06 4.61E-06 7.58E-06 5.79E-09 6.22E-06 2.55E-05
Potash 7.53E-03 1.58E-03 6.98E-05 6.46E-07 4.35E-11 1.20E-10 0.00E+00
Rare Earths (light) 1.61E-03 7.53E-03 1.64E-01 1.67E+01 6.84E-08 9.17E-07 0.00E+00
Rare Earths (heavy) 8.16E-06 2.56E-05 2.50E-04 7.68E-03 2.32E-10 0.00E+00 4.74E-05
Rhenium 7.29E-10 6.49E-10 5.14E-10 3.62E-10 1.28E-11 2.33E-08 0.00E+00
Sand 7.75E-03 2.48E-03 2.54E-04 8.32E-06 2.05E-11 0.00E+00 0.00E+00
Silver 4.08E-04 2.98E-04 1.59E-04 6.17E-05 1.28E-08 3.43E-03 2.81E-03
Talc 9.21E-04 2.39E-04 1.62E-05 2.84E-07 3.11E-11 0.00E+00 0.00E+00
Tantalum 2.75E-04 1.71E-04 6.56E-05 1.56E-05 2.51E-07 3.18E-03 0.00E+00
Tin 1.37E-02 1.12E-02 9.66E-03 6.81E-03 4.16E-08 1.58E-03 0.00E+00
Zinc 1.12E-01 5.02E-02 1.02E-02 9.26E-04 4.13E-09 4.07E-04 6.02E-01
The colour formatting allows visualizing the materials having higher impact in the different options of CF (red: highest impact; green: lowest impact)
SRWGI supply risk based onWorld Governance Index, Pworld production in 2010 (data from EC 2014), R reserves in 2013 (data retrieved fromUSGS),
ADP abiotic depletion potential calculated using reserve base data, ENV. RANK environmental ranking based on results of the life cycle impact
assessment for different environmental categories, aggregated in a composite indicator
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data.4 In the option SRWGI/P, the supply risk relates to the size
of the market, using data on mine production in 2010. This
allows highlighting the materials that are used in small amounts
over the bulk materials. Therefore, gallium, indium and tanta-
lum (all CRM in the EU assessment) have a higher contribution
(in spite of its low mass in the inventory).
A similar behaviour as the one described for the impact
assessment of computer laptop is shown by the impact assess-
ment of other products (see Electronic Supplementary
Material): using the supply risk factors as such for the charac-
terization produces results that reflect the contribution of dif-
ferent materials in terms of mass5, using an exponent for the
supply risk factor allows emphasizing the effect of supply risk
at the expense of the mass (the higher the exponent, the more
visible is this effect), and using the ratio between supply risk
and production allows the small market materials to pop up,
even if they are used in very small amounts.
The definition of the algorithms to be used is all but trivial.
In this paper, only a limited set of mathematical functions was
tested in order to underline their effect on the overall results. If
the SRWGI factors are applied as such, it can be observed that
the raw material contributing the most to criticality is clay.
However, clay is an abundant resource and evenly distributed
in the world, with no concentration of suppliers in a given
country. Therefore, it does not make very much sense to use
the factors as such, because clearly, the mass dominates over
the CFs when calculating the impact associated to criticality.
No theory can sustain the choice of elevating at the power of 3
or 6 the SRWGI factors, and this choice can be considered as
subjective as the choice of a set of weights for comparing incom-
mensurable quantities. Nevertheless, such choices have been
done in some impact assessment methods (e.g. the ADP
methodology, see van Oers et al. 2002). These options are shown
in this paper only to explain the effect of such arbitrary choice.
The SRWGI factors are dimensionless, and they do not reflect the
volumes of resource extracted, nor economic reserves of min-
erals. Thus, they only consider geographical distribution and gov-
ernance, substitutability and recyclability regardless of the quan-
tities of material entering the economic system. Combining
SRWGI factors together with the inverse of total volumes of pro-
duction (or reserve) of a given raw material leads to CFs scaled
by extracted mass. Such factors represent the risk of supply chain
disruption associated to a kilogram of resource extracted.
5 Conclusions
An increasing interest on resource criticality has emerged in
both governmental and research contexts. Even though most
of the interpretations of the criticality concept focus on eco-
nomic and geopolitical aspects (like the risk of supply disrup-
tion), in this paper, we argued that resource criticality could be
interpreted in a wider manner, taking into account the different
perspectives on resources (e.g. scarcity, criticality and envi-
ronmental) and, e.g. defining a hierarchy of needs that these
resources would fulfil. Focusing on the socio-economic and
geopolitical perspectives, the paper has shown how different
options for the characterization of resource security and
4 According to USGS definition, Breserves are defined as that part of the
reserve base which could be economically extracted or produced at the
time of determination^ while reserve base is Bthat part of an identified
resource that meets specified minimum physical and chemical criteria
related to current mining and production practices, including those for
grade, quality, thickness, and depth.^ (USGS 2015)
5 The dominance of mass in the impact assessment results is discussed
also in Schneider et al. (2014)
Fig. 3 Contribution analysis for a
laptop: comparison of the results
for resource characterization
using different indicators
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criticality concerns could be adopted for use in LCA, starting
from the data on supply risk published by the EC study on
CRMs. These options were tested on several LC inventories,
applying the risk factors as CF in a LCIA.
The exercise performed in this study suggests that LCA is
well positioned to include socio-economic and geopolitical
considerations related to the use of material resources, essen-
tially a socio-economic indicator. The variable SRWGI, i.e. sup-
ply risk due to low governance, when used as CFs does not well
represent the relative difference in rawmaterial security, and the
impact dependsmainly on themasses. Applying an exponent to
the supply risk dataset, the values are spread on a wider range
and it is possible to spot the CRM among the resources within
an inventory. The choice is based rather on how important is the
need of identifying a CRM in the inventory in order to optimize
CRM use, explore substitution options and enhance recovery in
waste management. This choice, which might apparently look
to be at the level of technical details, has a substantial effect on
the results. In the third option, the supply risk is related to the
annual mine production, which indicates the market size; this
method gives more importance to specialty metals and reflects
more closely the results of the EC assessment on CRM. We
would therefore recommend the use of this latter option for
assessing resource security in LCA when there is the need of
enhancing strategic and socio-economic considerations.
The study also discloses the feasibility of introducing
socio-economic considerations related to resources in LCA
at impact assessment level, proposing a differentiation be-
tween traditional LCA and social LCA that is not based on
the nature of the impacts (social, environmental, economic),
but, at inventory level, on the type of interventions that are
producing that impacts. In the case of environmental interven-
tion and exchange of biophysical substances (in terms of both
emissions and resource extractions), LCAwould be the most
appropriate methodology.
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